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OBJECTIVE — Age-associated insulin resistance may underlie the higher prevalence of type
2 diabetes in older adults. We examined a corollary hypothesis that obesity and level of chronic
physical inactivity are the true causes for this ostensible effect of aging on insulin resistance.
RESEARCH DESIGN AND METHODS — We compared insulin sensitivity in 7
younger endurance-trained athletes, 12 older athletes, 11 younger normal-weight subjects, 10
older normal-weight subjects, 15 younger obese subjects, and 15 older obese subjects using a
glucose clamp. The nonathletes were sedentary.
RESULTS — Insulin sensitivity was not different in younger endurance-trained athletes ver-
susolderathletes,inyoungernormal-weightsubjectsversusoldernormal-weightsubjects,orin
youngerobesesubjectsversusolderobesesubjects.Regardlessofage,athletesweremoreinsulin
sensitive than normal-weight sedentary subjects, who in turn were more insulin sensitive than
obese subjects.
CONCLUSIONS — Insulin resistance may not be characteristic of aging but rather associ-
ated with obesity and physical inactivity.
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T
here is a widespread assertion that
aging leads to insulin resistance (1–
3), which is in turn fundamental to
theetiologyandhigherprevalenceoftype
2 diabetes in older adults (4–6). The ev-
idence supporting the concept of age-
associated insulin resistance, however, is
contradicted by reports demonstrating
that insulin resistance may not be associ-
atedwithagingpersebutratherwithlife-
style patterns linked with aging, such as a
reduced physical activity (7) and obesity
(8). Thus, it is not clear whether insulin
resistance is characteristic of aging or, al-
ternatively, whether obesity and/or phys-
ical inactivity underlie this “aging” effect.
Thepurposeofthisstudywastohelpdet-
angle the effects of aging, obesity, and
chronic exercise on insulin resistance by
comparing younger and older subjects
matched for level of obesity and chronic
physical activity.
RESEARCH DESIGN AND
METHODS— Men and women aged
35.4  1.1 years (range 24–47)
(“younger”) and 66.9  0.8 years (range
60–75) (“older”) were recruited through
advertisement in the Pittsburgh area. We
studied7youngerendurance-trainedath-
letes (YA, 6 men/1 woman), 12 older ath-
letes (OA, 10 men/2 women), and 11
younger normal-weight sedentary (YN, 6
men/5 women), 10 older normal-weight
sedentary (ON, 5 men/5 women), 15
younger obese sedentary (YO, 7 men/8
women), and 15 older obese sedentary
(OO, 7 men/8 women) subjects. The ath-
letes were currently performing endur-
ance exercise 5 days/week. Sedentary
was deﬁned as exercise 1 day/week. All
subjects were weight stable for at least 6
months, were nonsmokers, and were in
general good health. Subjects were ex-
cludediftheyhadtype2diabetes,cardio-
vascular disease, or uncontrolled hyper-
tension and if they were taking any
chronic medications known to affect glu-
cose homeostasis. All volunteers gave
their informed written consent, and the
protocol was approved by the University
of Pittsburgh Institutional Review Board.
Insulin sensitivity was measured as
rate of insulin-stimulated glucose dis-
posal (Rd) during a 4-h hyperinsulinemic
(40mU m
2 min
1)-euglycemicclamp
performed during standardized condi-
tions (i.e., after an overnight fast and pe-
riod of no exercise; i.e., in the 36–48 h
before the clamp), as described elsewhere
(9). We used stable isotope dilution
methods [6,6-
2H
2]glucose (0.22 mol/
kg, 17.6 mol/kg prime) to account for
residual hepatic glucose production. Fat-
free mass (FFM) and fat mass were
assessed by dual-energy X-ray absorpti-
ometry (GE Lunar Prodigy and Encore
2005 software version 9.30; GE Health-
care, Milwaukee, MI). Peak aerobic ca-
pacity (VO2peak) was measured using a
gradedexerciseprotocolasdescribedpre-
viously (10).
Differences among the six study
groups were analyzed with a between-
subject one-way ANOVA. Post hoc tests
were performed with the Tukey-Kramer
HS adjustment. All analyses were done
using JMP version 5.0.1.2 for Macintosh
(SAS, Cary, NC) with an  level of 0.05.
RESULTS— Within each age-group,
age was similar among athletes, normal-
weight, and obese groups. BMI was
higher in the obese groups (33.8  0.6
and 33.7  0.54 kg/m
2 for YO and OO,
respectively) compared with the normal-
weight groups (23.5  0.6 and 24.4 
0.7 kg/m
2 for YN and ON, respectively)
and the athletes (24.7  0.8 and 23.6 
0.6 kg/m
2 for YA and OA, respectively).
Similarpatternswereobservedfortherel-
ative proportion of body fat, except that
the ON had a higher (P  0.05) propor-
tion of body fat than the YN. Cardiorespi-
ratory ﬁtness (VO2peak) was higher in
YA (72.8  3.7 ml   min
1   kgFFM
1)
than OA (54.0  1.9 ml   min
1   kg-
FFM
1), who were both higher than nor-
mal-weight sedentary (43.4  1.92 for
YN and 40.3  2.0 ml   min
1   kgFFM
1
for ON) and obese sedentary (39.6  1.7
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kgFFM
1 for OO) subjects.
Among athletes, normal-weight sub-
jects, or obese subjects, insulin sensitivity
(Rd) was not different according to age
(Fig. 1). Regardless of age, athletes were
more insulin sensitive than normal-
weight sedentary subjects, who in turn
were more insulin sensitive than obese
subjects, even after adjusting for fat mass
or the proportion of body fat. Similar to
peripheral insulin sensitivity, hepatic in-
sulin sensitivity (that is, residual hepatic
glucose production) during the clamp
was similar in older and younger subjects
within athlete, normal-weight, and obese
groups (data not shown). Both younger
and older obese subjects, however, had
greater (P  0.01) residual hepatic glu-
cose production.
CONCLUSIONS — The key ﬁnding
wasthatinsulinresistanceisnotaninher-
ent feature of older age, but that obesity
and physical inactivity underlie the pur-
ported insulin resistance of aging. While
previous studies have examined whether
insulin resistance is associated with older
age (11,12), they either limited their ob-
servations to only normal-weight sub-
jects, or they did not objectively account
for physical ﬁtness or physical activity.
Therefore, our results signiﬁcantly ex-
pand on these studies by comparing, for
the ﬁrst time, insulin resistance in
younger and older subjects across groups
of normal-weight, obese, and athletic
subjects, who were expected to have a
wide range of insulin sensitivity.
We clearly demonstrate that after ac-
counting for both obesity and high level
ofchronicphysicalactivity,agingperseis
not associated with insulin resistance.
Moreover, hepatic insulin resistance,
measured by residual hepatic glucose
production during the clamp, was also
similar between younger and older sub-
jects. Thus, the similar peripheral insulin
sensitivity between older and younger
subjects was not confounded by residual
hepatic glucose production.
Our study was not designed to deter-
minepotentialmechanismsforinsulinre-
sistance associated with age, obesity, or
physical inactivity, nor does it rule out
possible differences in the etiology of in-
sulin resistance between older and
younger individuals. While the study of
highly trained athletes is useful to com-
pare younger and older subjects at high
levelsofbothphysicalactivityandinsulin
sensitivity, it does not allow us to extra-
polate these ﬁndings to subjects with
more moderate physical activity levels
that correspond to current physical activ-
ity recommendations (13). However,
these data are consistent with studies
demonstrating signiﬁcant improvements
ininsulinsensitivityinducedbymoderate
exercise in older subjects (7). Therefore,
although more modest levels of physical
activity can improve insulin sensitivity in
this population, further investigations are
needed to determine whether older and
younger obese adults experience similar
improvements in insulin sensitivity with
weight loss and moderate exercise
programs.
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